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The aims of the study were to develop a reliable method to produce lower molecular 
weight chitin as a starting material to prepare sulfated low molecular weight chitins 
which could be used as an indirect method to characterize the molecular weight of the 
corresponding hydrolyzed chitin. Blood assays were performed to evaluate the 
relationship between the anticoagulant properties of sulfated-chitins and their 
molecular weight and the relative effects of the sulfation. 
 
Chitin was hydrolyzed to lower molecular weight. As the molecular weight 
characterization was mainly dependent on the GPC 5%LiCl/DMAc system, which 
was not always reliably accurate, therefore, it was important to explore another 
method to confirm the molecular weight. One possible way is to characterize the 
molecular weight in a different solvent system. The sulfated-chitins produced in this 
work are water soluble and make the characterization much easier in an aqueous GPC 
system.  
 
After sulfation, the anticoagulant properties of sulfated-chitins were assayed by APTT, 
TT and PT. The anticoagulation properties were explored as a function of the 






APTT: Activated partial thromboplastin time 
At: Antithrombin. 
D: Dalton 
DMAc: N, N-dimethylacetamide 
EA: Elemental analysis  
GPC: Gel permeation chromatography 
HCl: Hydrochloric acid 
HMWK: HMW kininogen 
HMW: High molecular weight 
K: Kallikrein 
LiCl: Lithium chloride  
LMW: Low molecular weight  
LMWH: Low molecular weight heparin 
PK: Prekallikrein  
PL: Phospholipids 
PT: Prothrombin time 
RID: refractive index detector 
TF: tissue factor 
TT: Thrombin time 
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CHAPTER 1 INTRODUCTION 
 
1.1 Chitin and Chitosan 
1.1.1 Structure of chitin and chitosan 
 
Chitin is a linear polysaccharide and the second most abundant biopolymer in nature. 
Chitin is the main structural component of many fungi, algae and marine invertebrates 
such as crabs and shrimps. Ideally, chitin should be poly-N-acetyl-D-glucosamine or 
[(1-4)]-2-acetamido-2-deoxy-β-D-glucan or β-(1-4) linked 
2-acetamido-2-deoxy-D-glucopyranose, having a molecular formula (C8H13NO5)n 
with a repeat unit molecular weight of 203. In actuality, chitin exists as a co-polymer 
because the polymer chains contain a mixture of 2-amino-2-deoxy-D-glucopyranose 
(D-glucosamine) residues and 2-acetamido-2-deoxy-D-glupyranose 
(N-acetyl-D-glucosamine) residues that are randomly distributed along the polymer 


















Figure 1 Chemical structure of chitin showing the D-glucosamine (left) and 
N-acetyl-D-glucosamine (right) residues; n and m represent the number of 
repeat units in the polymer chain; chitin: n>m; chitosan: m>n 
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Generally when the N-acetyl-D-glucosamine fraction is higher than 50%, it is 
considered as chitin and when it is lower than 50% is called chitosan. 
 
In nature, chitin has been found in three polymorphic forms, α, β, γ, (Figure 2) that 
differs in the arrangement of the chains within the crystalline regions. In α-chitin the 
chains are anti-parallel, in β-chitin they are parallel, and in γ-chitin two chains are 
“up” to each chain “down” [1]. The most abundant form is α-chitin, which is also the 
most stable.  Both β- and γ-chitin may be converted into the α-form by suitable 




(a) (b) (c) 
Figure 2 Arrangement of the polymer chains in the three crystalline forms of chitin, 
(a) α-chitin (b) β-chitin (c) γ-chitin [2].  
 
For α-chitin in the solid state, adjacent chains are organized in an anti-parallel 
configuration in the C direction (Figure 3). The pendant N-acetyl functionality of 
chitin plays a major role as it presides over the extensive inter and intra chain 
N-H….O=C hydrogen bonds through the C-2 acetamido linkages and all the hydroxyl 
groups are involved in hydrogen bonding [5]. This results in α-chitin having a highly 
ordered crystalline structure with extensive hydrogen bonding giving the rigid and 
intractable physical properties of the biopolymer. 
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Figure 3 Arrangement of chitin chains in α-chitin [5]. 
 
In β-chitin, the molecules are packed in a parallel arrangement, leading to weaker 
intermolecular forces [5-7]. β-chitin is believed to be less stable than α-chitin, and its 
structural characteristic are being studied in detail. On dissolution or extensive 
swelling, β-chitin converts to α-chitin. The reverse does not occur, suggesting that 
β-chitin is a meta-stable entity biosynthesized by a specific mechanism different from 
the regular pathway leading to α-chitin [3]. Even aqueous hydrochloric acid causes 
the solid state transformation of β-chitin into α-chitin. Morphological and 
crystallographic observations revealed that the inter-crystalline transformation was 
dependent on the acid concentration employed [8]. Compared to α- and β-chitin, 
γ-chitin is less commonly found. It is considered to be a mixture (or an intermediate 
form) of the α- and β-forms and has both parallel and anti-parallel arrangements. 
[9-10]. 
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Chitosan is poly-(1-4)-2-amino-2-deoxy-ß-D-glucan having a molecular formula 
(C6H11O4N)n with each repeat unit molecular weight of 161(Figure 4). Chitosan 
occurs in some fungi and can be isolated from their cell walls. It is formed by the 
action of a chitin deacetylase on the precursor chitin [11-12]. 
 
Chitosan is also crystalline and shows polymorphism depending on its physical state. 
The structures for various forms including an anhydrous form, a hydrated form, and 




Figure 4 Idealized structure of chitosan. 
 
1.1.2 Sources of chitin and chitosan 
 
Chitin occurs in a wide variety of species, from fungi to the lower animals. Arthropod 
shells (exoskeletons) are the most easily accessible sources of chitin. These shells 
contain 20-50% chitin on a dry weight basis. From a practical viewpoint, shells of 
crustaceans such as crabs and shrimps are conveniently available as wastes from the 
seafood processing industries and are used for the commercial production of chitin. 
Other potential sources for chitin include krill, crayfish, insects, clams, oysters, 
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jellyfish, algae, and fungi. Krill is likely to be the most promising source in the future.  
 
The backbone of squid pens also contain chitin that is classified as β-chitin. This 
material is distinguished form the ordinary α-chitin as β-chitin has weaker 
intermolecular forces and is quite attractive as another form of chitin having some 
characteristics considerably different from those of α-chitin. The chemistry of β-chitin 
is rapidly advancing, although this starting material is less abundant and is not yet 
produced commercially. The cell walls of some fungi (Zygomycetes) contain chitosan 
as well as chitin and these may be used as sources of chitosan. In practice, however, 
chitosan is usually prepared by the deacetylation of chitin [13]. 
 
1.1.3 Preparation and application of chitin 
 
α-chitin is produced commercially from crab and shrimp shells containing calcium 
carbonate and proteins as the other two major components. Pigments are also present 
in small quantities. The chitin chains are attached to the proteins via amide linkages. 
Among the shell constituents, chitin is the most stable to acids and alkalis, and is 
insoluble to most common organic solvents. Accordingly, it can be isolated as a 
residue that remains after removing the other constituents present in the shell with 
acids and alkalis [14]. 
 
Typically, the shells are first cleaned and treated with diluted hydrochloric acid at 
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room temperature to remove calcium carbonate. The decalcified shells are next cut 
into small flakes or pulverized and heated in 1-2M sodium hydroxide just below 
100oC to breakdown the proteins and pigments. Chitin is left behind as an almost 
colorless to off-white powdery material [15]. 
 
Chitin is structurally similar to cellulose except that the C-2 OH is replaced with an 
acetamide group. In addition to its unique polysaccharide architecture, the presence of 
the acetamide group in chitin is highly advantageous for providing distinctive 
biological functions and for conducting modification reactions [16]. Chitin has been 
expected to play a much larger role than cellulose in many fields because of its 
non-toxic, biodegradable and biocompatible properties. The potential for many food, 
pharmaceutical and biotechnology applications make chitin a promising polymer for 
biomedical applications [17]. A number of clinical studies using chitin have been 
reported [18], including use as wound-dressing materials [19-21], as treatment of 
chronic gastroduodenitis [22], and as an endodontic treatment [23]. Recently, results 
have been reported from a clinical trial where chitin membranes were used to treat 
patients with deep burns, orthopedic injury, traumas and ulcer conditions [24].  
 
1.2 Processing of chitin for biomedical applications 
 
Despite the promise of clinical applications, chitin is still described as a “biomaterial 
in waiting,” mainly due to its insolubility in common organic solvents that impedes 
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facile processing [25]. Chitosan is more readily soluble in weak acids and is being 
investigated for numerous biomedical applications [26]. It should be noted that chitin 
degrades faster than chitosan in a biological environment [27], is more compatible 
with blood [28], and activates fewer macrophages [29]. Therefore, it is probable that 
chitin may be a better biomedical material compared to chitosan. 
 
Chitin’s poor solubility is attributed to its high molecular weight (500,000 to 1 million 
Daltons) and strong intra and intermolecular hydrogen bonding. Chitin is only soluble 
in selected organic solvents e.g. 5%LiCl/DMAc (N, N-dimethylacetamide) as well as 
mineral acids such as concentrated hydrochloric acid (HCl), sulfuric acid (H2SO4) and 
phosphoric acid (H3PO4) [30]. The chitin attributes of high molecular weight, small 
fine particle size, etc. are attractive in physical form yet are the exact hindrance to 
processing [31]. This has to be overcome if chitin is to have widespread usefulness. 
One way to overcome the processing limitation is to lower the molecular weight of 
chitin to a level where the physical attributes of chitin are retained yet are easier to 
process. 
 
1.2.1 Chitin oligomers 
 
The main chains of chitin and chitosan can be cleaved with acids under mild 
conditions to give mixtures of oligomers consisting of N-acetyl-D-glucosamine and 
D-glucosamine, respectively [32-35]. The resulting hydrolyzates are subjected to 
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chromatography to separate the oligomers. Chitooligosaccharides are converted into 
the corresponding N-acetyl-chitooligosaccharides by N-acetylation that is easily 
separated. Fine separation is possible with appropriate chromatography techniques, 
producing up to 15 different chitooligosaccharides [36].  
 
Acetolysis of chitin is another way to obtain oligomers in the form of peracetates 
[37-38]. They are separated by chromatography and can be converted into 
N-acetyl-chitooligosaccharides by O-deacetylation. The peracetate of N, 
N-diacetylchitobiose, (GlcNAc)2, is prepared from α-chitin generally in less than 10% 
yields. The yield can be improved to 16% with colloidal chitin [39]. In contrast, 
β-chitin gives the dimer peracetate at a 17% yield without any special pretreatment 
because of its higher solubility in the reaction medium [40]. 
 
N-Acetyl-chitooligosaccharides have also been synthesized from smaller oligomers 
with the aid of enzymes. Some chitonolytic enzymes such as chitinases and lysozyme, 
(though essentially they are hydrolases) have high transglycosylation activities and 
catalyze the coupling of oligosaccharides. With a chitinase purified from culture 
filtrates of Nocardia orientalis, for example, (GlcNAc)4 gave (GlcNAc)6 and 
(GlcNAc)2 in 21% and 63% yields, respectively [41]. A chitinase from Trichderma 
reesei was found to be somewhat more effective to convert (GlcNAc)4 into (GlcNAc)6 
and (GlcNAc)2 ; the yields were 40 and 56%.  Similarly, in the presence of lysozyme, 
(GlcNAc)6 and (GlcNAc)7 were synthesized from (GlcNAc)2 [42]. Transglycosylation 
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with certain enzymes appears to be one of the practical methods for preparing specific 
N-acetyl-chitooligosaccharides whose unique biological activities are attractive for a 
variety of studies.  
 
Chitosan having an original Mn from 80,000 to 210,000 has been shown to hydrolyze 
both in dilute 0.1M and in concentrated HCl 12.08M to molecular weights between 
1000-3500 [43]. Chitin oligomers have been obtained when high molecular weight 
chitin was hydrolyzed with propionic acid in 2-4M HCI for 15 min to 24h at 
96-100oC [44]. With 4 M oxalic acid at 155°C for 1h, water soluble chitin of very low 
molecular weight (< 2000dalton) results [45]. Chitin and chitosan were easily 
hydrolyzed with concentrated hydrochloric acid or hydrolase (chitinase, chitosanase, 
lysozyme), and decompose to monomers with hydrogen peroxide, etc. However, all 
these products are in the very low molecular weight range that is water soluble i.e. the 
chitin has lost its physical attributes. 
 
1.2.2 Controlled hydrolysis: Pathway to lower molecular weight chitin 
 
Much of the research carried out to produce chitin oligomers has been focused on 
their potential usefulness as precursors to N-acetyl-glucosamine and glucosamine as 
health supplements. However, chitin oligomers do not have the necessary physical 
features that make chitin useful in the solid state as their molecular weight is too low. 
The preparation of lower molecular weight (30,000 to 100,000 Dalton) chitin that 
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retains their useful solid state features have not been a feature frequently considered. 
However, the potential scope for the biomedical utilization of lower molecular weight 
chitin could be significant and its preparation is warranted. The two methods 
mentioned above used to produce oligomers, enzymatic and acid hydrolysis should be 
readily adapted to produce chitin of lower molecular weight to the desired level of 
matched processing and solid state features by changing the reaction conditions. 
 
To date, enzymatic hydrolysis to generate lower molecular weight of chitin is 
prohibitive because of the associated cost of enzymes eventhough their reaction 
conditions are milder and easier to control. Acid hydrolysis may be a reasonable way 
to produce lower molecular weight chitin if the reaction conditions can be tailored to 
be mild. Temperatures between 30 to 40oC are possibly less detrimental to 
depolymerization and by controlling the reaction time and acid concentration, acid 
hydrolysis may be the ideal method to obtain chitin of desired lower molecular weight 
that retains much of the physical properties of high molecular weight chitin yet is 
easier to process. 
 
1.3 Molecular weight determination of chitin 
 
The molecular weight of polymers is based on average values of the repeat unit in the 
polymer. Polymer molecular weight is important because it determines many physical 
properties. Some examples include the temperature at which transitions from liquids 
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to waxes to rubbers to solids occur and mechanical properties such as stiffness, 
strength, viscoelasticity, toughness, and viscosity. If the molecular weight is too low, 
the transition temperatures and the mechanical properties will generally be too low for 
the polymer material to have any useful commercial applications [46].  
 
The molecular weights of chitin and chitosan vary widely depending on how they 
were prepared or subsequently treated. Therefore, molecular weight is an important 
parameter to characterize. However, poor solubility and structural ambiguities in the 
amount and distribution of N-acetyl groups remain major obstacles to the proper 
quantification of molecular weight for chitin and chitosan [47-48].  
 
The molecular weight of isolated chitin has been estimated by viscometry, light 
scattering and gel permeation chromatography (GPC) using DMAc/LiCl [49-50]. 
Methanol saturated with calcium chloride dehydrate has also been used for viscosity 
measurements [51]. These methods determine an average molecular weight for the 
molecules in the sample. The number-average molecular weight determined by the 
ultracentrifuge method gives a value that is equal to the weight of the sample divided 
by the number of molecules in the sample. The light-scattering method determines 
what is called the weight-average molecular weight. Although this may be the same 
value as the number-average molecular weight if all the molecules have nearly the 
same weight, it will be higher if some of the molecules are heavier than others [46].  
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GPC was chosen in this project since GPC can be used to analyze soluble compounds 
and mixtures that fall in the size range of about 10 to 5,000 Angstroms. This range 
covers high polymers of molecular weight over a million to low molecular weight 
polymers additives, such as stabilizers and oils. High resolution, low porosity columns 
are available that can separate oligomers and other organic compounds that differ by 
as little as one methyl group. 
 
1.3.1 Principles of GPC 
 
GPC also called gel filtration is the method used for determining the molecular size 
and molecular weight distribution of high polymers. In this type of 
liquid-solid-elution-chromatography, polymer fractions are separated on the basis of 
particle size. There is a distribution of pore sizes within the packing material such that 
small molecules can enter most of the pores and are therefore retained the longest, 
while larger molecules enter fewer pores and are retained for a shorter length of time 
as shown in Figure 5. By proper calibration of the columns, the size or in most cases 





Figure 5 Schematic of GPC Column [53] 
 
When the sample is injected through the injection port shown in Figure 6, the eluent 
from the solvent reservoir carries the sample to the column. As it passes through the 
column, the sample interacts with the stationary phase in the column producing an 
elution profile of decreasing molecular weights that is sensed by the detector and 
recorded as the GPC profile as a function of flow time. After passing through the 





Figure 6 Schematic of GPC apparatus [53]. 
 
The retention time is obtained from the GPC profile and the molecular weight 
deduced by comparing the samples’ retention time with the retention time of standards 
of known molecular weights. 
 
The 5%LiCl/DMAc system that has been used as GPC eluent by our research group 
and others over the past 10 years to characterize the molecular weights of chitin 
samples performs inefficiently. In most instances, the molecular weights obtained for 
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chitins are very rough estimates. This is primary due to the interactions between LiCl 
and the column materials leading to effects of sample adsorption and desorption with 
the stationary phase. Furthermore, chitin solutions made with 5%LiCl/DMAc 
generates a viscous environment, making it difficult to maintain system conditions 
constant especially the system pressure. An aqueous-based eluent would be ideal to 
address this issue. Sulfated-chitin is only slightly different in molecular weight to the 
starting chitin, is known to be water soluble and will be prepared as part of this 
research. Therefore, it would be simple to conceive that this derivative may be used as 
an indirect channel to reliably estimate the molecular weight of chitin by GPC. 
 
1.4 Chemical modification of chitin and chitosan 
 
Chitin and chitosan are much less accessible to potential reactants than cellulose 
because of their characteristic crystalline structures with strong intermolecular forces. 
The chemical reactions of chitin and chitosan are usually accompanied by some 
difficulties arising from limited solubility, poor reactivity, and the 
multi-functionalities of these polysaccharides. Modifications of chitin and chitosan 
are often conducted under heterogeneous conditions, with some exceptions in solution 
[54-56]. In order to prepare derivatives with well-defined structures and thereby to 
develop advanced functional materials, it is crucial to manipulate the reactions of 
chitin in a well-controlled manner. In this regard, efficient modification reactions are 
being developed under homogeneous conditions in our laboratory for chitin [57].  
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Some work has been reported to obtain water-soluble derivatives of chitosan by 
N-acetylation in aqueous medium. However, only chitosans with around 50% of 
deacetylation or N-acetylation were found to be soluble in water [56].  
 
The chemical modification of the amino and hydroxyl groups can generate products 
for pharmaceutical applications. For example, sulfated-chitosans possess a wide range 
of biological activities, are the nearest structural analog of the natural blood 
anticoagulant heparin, and has been shown to demonstrate anticoagulant, antisclerotic 
and antiviral activities [58-62]. 
 
1.4.1 Chitosan sulfation 
 
Several techniques to obtain sulfated derivatives of chitin have been proposed due to 
their interesting biological and chemical properties [63]. Sulfoethyl-chitosan carrying 
sulfonic acid groups have been prepared using 2-chloroethane sulfonic acid sodium 
salt in alkaline media [64-65]. The sulfonic acid function was introduced into chitosan 
by reacting with 5-formyl-2-furansulfonic acid, sodium salt, under mild conditions of 
Schiff reactions to avoid polymer degradation and O-substitution [65]. Sulfoethyl, 
N-carboxymethyl-chitosan was synthesized from 2-chloroethane sulfonic acid in 
organic media [65]. N, O-Sulfated-chitosan has also been prepared using chitosan, N, 
N-dimethyl formamide (DMF) and sulfur trioxide [60].  
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O-Sulfated, N-acetyl-chitosan was synthesized by reacting N-acetylated chitosan, 
DMF with sulfur trioxide. Sulfated, O-carboxymethyl -chitosan was prepared using 
O- carboxymethyl-chitosan, DMF and sulfur trioxide [60]. Similarly, O-sulfated, 
N-hexanoyl-chitosan was prepared by treating N-hexanoyl-chitosan in DMF with 
sulfur trioxide [66]. Sulfated-chitin and sulfated-chitosan have also been prepared by 
using 6-O-trityltchitosan [67]. Sulfated-chitosan prepared by treating 
6-O-trityltchitosan, dichloroacetic acid with SO3-pyridine complex has also been 
reported [67]. Sulfated-6-O-carboxymethyl-chitosan was prepared by reacting 
6-O-carboxymethyl-chitosan, with chlorosulfonic and DMF [68, 69]. Finally, 
sulfated-β-chitosan derivatives have been prepared using N-(2, 
3-dihydroxy)-propyl-chitosan derivative, DMF and sulfuric acid with 
dicyclohexylcarbodiimide [70]. 
 
A pseudo-homogeneous method to prepare sulfated-chitosan used 2 % chitosan 
solution, anhydrous mixture of DMF-dichloroacetic acid with chlorosulfonic acid. 
The reaction was run at room temperature for 4h upon which a gel formed. At the end 
of the reaction the gel was diluted with water, neutralized with NaOH and precipitated 
with methanol. A homogeneous method to prepare sulfated-chitosan used 3% chitosan 
solution reacting with an anhydrous mixture of N, N-DMF-dichloroacetic acid with 
chlorosulfonic acid at 50 ºC for 1h is also known. Another semi-heterogeneous 
method of preparing sulfated-chitosan used 1 g of chitosan powder, anhydrous 
mixture of DMF-dichloroacetic acid with chlorosulfonic acid at room temperature for 
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1h. The sulfated-chitosan was prepared in aqueous medium using low-molecular 
weight chitosan, sodium nitrite with pyridine-SO3 complex [71]. The 
sulfated-chitosans obtained were not mono-substituted but often bi-substituted and 
partially tri-substituted. This meant that sulfated-chitosans may be considered as 
copolymers composed of random alternating mono-, di-, and tri-substituted units of 
chitosan. Similarly sulfated-chitosans have been synthesized using chitosan, 
chlorosulfonic acid with DMF [72]. 
 
Sulfated-chitosan has also been prepared by treating chitosan, sodium carbonate 
anhydrous with trimethylamine-sulfur trioxide (Me3N-SO3) [73]. The 
sulfated-chitosan was obtained in over 90 % yield as a white, fluffy, water soluble 
material and the degree of substitution was 0.76. Reacting chitosan with oleum in 
DMF to prepare sulfated-chitosan has also been reported [74]. The degree of 
substitution was 1.10-1.63. Preparation of N-alkyl-O-sulfated-chitosan by treating 
N-octyl-chitosan with DMF and chlorosulfonic acid has also been reported [75]. 
Synthesis of sulfated-chitosans with low molecular weight (Mv 9000–35,000 Da) was 
carried out by sulfation of low molecular weight chitosan (Mv 10,000–50,000 Da). 
Oleum was used as sulfating agent and dimethylformamide as medium. The chitosans 
were prepared by enzymatic and acidic hydrolysis of initial high molecular weight 
chitosan as well as by extrusion solid-state deacetylation of chitin. The sulfation 
occurred at C-6 and C-3 positions and substitution degree is 1.10–1.63. Study of 
anticoagulant activity showed that sulfated-chitosans with lowered molecular weight 
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demonstrated a regular increase of anti-Xa activity like heparins [76].  
 
The above literature review clearly shows that much work has been reported about 
sulfated-chitosans. This is based on the ready dissolution of chitosan in dilute acids, a 
suitable medium for chemical reactions. As chitin resembles heparin more, it would 
be very interesting to study whether sulfated-chitin has similar property. Therefore, 
sulfating lower molecular weight chitin should be interesting to see whether the 
sulfated-chitin would have similar anticoagulant activity as heparin.   
 
1.5 Anticoagulation therapy  
 
Blood is a body fluid composed of different types of cells, namely erythrocytes, white 
cells and pellets, in a matrix called plasma. There are four different blood types. 
Blood also has Rh factors that make it even more unique [77]. Approximately 55 
percent of blood is plasma, a straw-colored clear liquid. Plasma is a water-based (90%) 
mixture of proteins, carbohydrates, vitamins, hormones, enzymes, lipids and salts. 
Plasma also carries solid cells and platelets (irregularly-shaped, colorless bodies) that 
participate in blood clotting. Microbe-fighting antibodies travel to the battlefields of 
disease by hitching a ride in the plasma. The color of whole blood is due to one of the 
most abundant protein of this fluid, hemoglobin. 
 
Blood is both a carrier and a regulator that maintain life’s balance and equilibrium. 
 20 
Blood carries oxygen and carbon dioxide, proteins and more generally the content of 
serum including white cells for immune response, and regulates body temperature 
thereby maintaining it at a constant temperature.  
 
Some parameters of blood are auto-regulated. Its own protein content for instance 
regulates its viscosity. The viscosity parameters can also be locally controlled when 
required. In this instance, the overall blood response is called the coagulation cascade.  
 
1.5.1 Blood coagulation 
 
When blood is exposed to air due to a wound for example, a blood clot forms. The 
process begins with the platelets that upon sensing the presence of air begin to break 
apart. The platelets react with fibrinogen to begin forming fibrin that resembles tiny 
threads. The fibrin threads next begin to form a web-like mesh that traps the blood 
cells within it. This mesh of blood cells hardens as it dries, forming a clot, or "scab."  
Calcium and vitamin K must be present in blood to support the formation of clots.  
 
A scab is an external blood clot that can be seen easily, but there are also internal 
blood clots. A bruise, or black-and-blue mark, is the result of a blood clot. Both scabs 
and bruises are clots that lead to healing. Some clots can be extremely dangerous. A 
blood clot that forms inside of a blood vessel can be deadly because it blocks the flow 
of blood, cutting off the supply of oxygen. A stroke is the result of a clot in an artery 
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of the brain.  
 
The clotting cascade is shown in Figure 7. The intrinsic cascade is initiated when 
contact is made between blood and exposed endothelial cell surfaces. The extrinsic 
pathway is initiated upon vascular injury that leads to exposure of tissue factor (TF) 
(also identified as factor III), a sub-endothelial cell-surface glycoprotein that binds 
phospholipid. The two pathways converge at the activation of factor X to Xa. [78] 
 
 
Figure 7 Clotting cascade [79]. 
Factor Xa has a role in the further activation of factor VII to VIIa. Active factor Xa 
hydrolyzes and activates prothrombin to thrombin. Thrombin in turn activates factors 
XI, VIII and V furthering the cascade. Ultimately the role of thrombin is to convert 
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fribrinogen to fibrin and to activate factor XIII to XIIIa. Factor XIIIa (also termed 




In instances where blood clot prevention is needed, anticoagulation therapy is 
employed. Heparin is the most common anticoagulation agent. Heparin functions by 
blocking the actions of both factor X and antithrombin (AT) [81-82]. The mechanism 
and the extent of this acceleration have been thoroughly investigated for the AT 
inhibition of thrombin and factor Xa (fXa) [83-85]. Heparin accelerates the AT 
inhibition of coagulation proteases by up to 3—4 orders of magnitude where a 
template mechanism is primarily responsible for this catalytic effect [83, 86-90].  
 
In this mechanism, high molecular weight heparins containing a specific AT binding 
pentasaccharide and at least an additional 13 saccharides accelerate the AT inhibition 
of thrombin by simultaneously binding to both the protease and the serpin, thereby 
enhancing the rate of the encounter complex formation between the two proteins 
(bridging effect) [90-91]. In the case of fXa inhibition, a pentasaccharide-induced 
conformational change in the reactive site loop of AT is thought to primarily account 
for the rate-accelerating effect of heparin in the reaction [83, 89, 92]. For heparin, the 
activity of aXa (anti-factor Xa) increase as the molecular mass decreases [76]. 
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Although heparin is the mainstay of anticoagulation, it has several limitations. This 
includes a variable efficacy in certain therapeutic applications and an inability to 
inactivate platelet-bound factor Xa and clot-bound thrombin (IIa factor) (Figure 8). 
Furthermore, non-fractionated heparin with an average molecular weight (Mv) 
5000–25,000 equally inhibits key enzymes of the blood coagulation cascade, namely 
serine proteases, such as thrombin (IIa factor) and Xa factor, while preparations of 
low molecular weight heparin (Mv 5000–7000) exhibit a higher anti-factor Xa activity 
(aXa), owing to improved pharmacokinetic properties compared to non-fractionated 
heparin [76, 94-95]. These limitations have led to the development of additional 





















Figure 8 The effect of heparin on anti-thrombin time [93]. 
 * interferes with production of FII, FVII, FIX, FX. 
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As mentioned above, sulfated-chitin has similar anticoagulation property to heparin. 
The lower molecular weight of heparin increases anti-Xa activity while its C3-sulfate 
acts as the critical position for its anticoagulation property. Therefore, it is meaningful 
to determine whether molecular weight plays a role in the anticoagulation properties 
of C6 and C3, 6-sulfated-chitins. 
 
1.6 Aims of the project 
 
The aims of this project were to: 
a. Develop a method to reliably and reproducibly prepare lower molecular weight 
chitin that retained most of the original chitin physical properties yet be easier to 
process.  
b. Prepare lower molecular weight sulfated-chitin and use it as a model to evaluate 
the molecular weight of chitin.  
c. Evaluate the relationship between the anticoagulant properties of 
sulfated-chitins and their molecular weight.  
 
 25 
CHAPTER 2 MATERIALS AND METHODS 
 




Chitin powder (as received) isolated from shrimp shell was purchased from Eland 
Corp, Biolife, Thailand. Sulfur trioxide-pyridine complex (Lot S7566) and dialysis 
tubing having a molecular weight cut-off of ~12,000 was purchased from Sigma 
Aldrich (Lot D9527). N-dimethylacetamide (DMAc) for synthesis (Lot 8.03235.2500), 
Deuterium oxide 99.8% (Lot 1.13366) and HCl of GR for analysis (Lot 1.00317.2500) 
were purchased from Merck. Lithium Chloride (Lot 2370-01) and Acetic Acid of 
HPLC grade (Lot 9515-03) were from Baker. Filter, Nylon 0.45µm (Prod. No. 
TR-200500) was from Teknokroma (TK). All other chemicals were of reagent grade 




GPC was used to estimate the molecular weight distribution profiles. The set-up 
comprised three Phenomenex® columns in series (styrene-divinylbenzene copolymer 
gel), a Waters HPLC pump type 515, and a refractive index detector Waters 410. The 
temperature of the column oven was set at 65oC while that of the detector was set at 
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40oC. The eluent used for chitin and chitin hydrolyzates was 5%LiCl/DMAc solution, 
sample concentration was 2% in 5%LiCl/DMAc and the volume injected was 150µL. 
The flow rate of the eluent was set at 0.8ml/min and the run time was 50min. Sample 
solutions were 1-1.5% (w/w) in 5%LiCl/DMAc, filtered through 0.45um millipore® 
filters. Pullulan and 5% LiCl/DMAc were used as standards and eluent respectively. 
 
For the determination of the molecular weights of C6-sulfated-chitins, the GPC setup 
comprised four columns joined in series: type Phenomeneo 10 Linear (Mixed bed) 
guard column and Phenomeneo 10 Linear (mixed bed) columns (serial numbers 
42635, 42636 and 37974) of dimensions 300mm (length) x 7.8mm (diameter) x 5µm 
(particle size); a Waters HPLC type 515 pump and a 410 Waters refractive index 
detector (RID). The temperature of the oven was set at 65oC while that of the detector 
was set at 40oC. The eluent used for sulfated-chitins was 0.33M HAc/0.1M NaAc and 
the volume injected was 100µL. 0.05g of freeze dried sulfated-chitin was dissolved in 
2ml 0.3333M HAc/0.1M NaAc to give sample solutions of 1-1.5% (w/w). The flow 
rate of the eluent was set at 0.8m./min and the run time was 50min. In all experiments, 
the sample solutions were filtered through a 0.45µm millipore® filters. Pullulan in 
0.3333M HAc/0.1M were used as standards.  
 
2.1.3 Preparation of 0.3333M HAc/0.1M NaAc eluent 
 
The molecular weight of HAc is 60 and that of NaAc is 82. The weight/weight ratio 
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of HAc to NaAc is 60*0.3333 to 82*0.1, i.e. 20g to 8.2g in 1L solution of 0.3333M 
HAc/0.1M NaAc. HAc is a liquid of density is 1.049g/ml. The amount of HAc for 1L 
is 20g/1.049g/ml=19.1ml. NaAc.3H2O is a tri-hydrate. The amount needed for 1L is 
0.1*136=13.6. 13.6g NaAc in 200ml of distilled water with 19 ml of HAc topping up 




IR spectroscopy was carried out on a BioRad Excaliber series IR spectrometer. As 
chitin rapidly absorbs rather large amounts of water that would interfere with IR 
measurements, chitin as well as the hydrolyzed samples (after freeze-drying) were 
dried in an oven at 50oC for at least 1h. KBr permanently kept at 50oC was ground 
manually with the samples in an agate mortar and pestle and pressed between NaCl 
plates for IR measurements. It was very important to ensure that the samples were 
finely ground and well-mixed to reduce light scattering and NaCl plate scratching as 
well as reduce unnecessary adsorption that may interfere with the sample spectrum. 
 
2.1.5 NMR & Elemental Analyses 
 
NMR (D2O) Bruker ACF300 (300 MHz) and elemental analysis (EA), Elemental 
analyses were performed by the Micro-analytical Laboratory, Department of 
Chemistry, National University of Singapore, using a Perkin-Elmer Series 2400 C, H, 
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N analyzer to determine the degree of sulfate substitution. 
 
2.1.6 Anticoagulant assays 
 
Citrated human platelet-poor plasma (PPP) was purchased from Dade, Germany 
(Lot.B4244-10). Innovin (B4212-50), Actin FSL (B42192), thrombin reagent 
(B4233-25) and thromboclotin (281007) were all purchased from Dade®, Germany. 
Automated blood coagulation analyzer (CA-540, Sysmex Corp, Kobe, Japan). 
 
2.2 Chitin hydrolysis 
 
2.2.1 Preparation of HCl of various molarities 
 
Based on previous reports, 6~12M HCl were the range of concentrations useful to 
generate lower molecular weight of chitin. Therefore, 7M, 8M, 9M, 10M, 11M, and 
12M HCl was prepared from 37% HCl (w/w, density 1.19g/ml) and distilled water for 
this study. The 9M HCl preparation is used as an example and all other concentrations 
for HCl followed the same procedure summarized in Table 1. 
 
a) The number of grams (X) of 37% HCl needed to prepare 1L of 9 M HCl is: 
X*37%=36.5*9 
Where X is the unknown mass (g) of original HCl required to prepare 1L of 
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9M HCl 
37% is the concentration of the original HCl, w/w 
36.5 is the HCl molecular weight, in Daltons 
Therefore: X=887.84g 
 
b) The volume of the 37% HCl to prepare 1L of 9M HCl is: 
Volume = weight/ density 
887.84/1.19 = 746.1ml  
1L volumetric flask was used. After HCl was added, the flask was topped up 
with distilled water to the volume.  
 
Table 1 Weight of 37% HCl and volume required to 6M, 7M, 8M, 10M, 11M, 12M 
HCl 
 
[HCl]/M Weight of 37% HCl/g for 1L solution Volume of HCl/ml for 1L 
6 591.9 497.4 
7 690.5 580.3 
8 789.2 663.2 
9 887.8 746.1 
10 986.5 829.0 
11 1085.1 911.9 
12 1183.8 994.8 
 
2.2.2 Preparation of 5% LiCl/DMAc 
 
50g of lithium chloride was weighed and placed in a 1L bottle, and dried in the oven 
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at 110oC for about 6h. The flask was subsequently stoppered and allowed to cool in 
the vacuum desiccator. 1L of DMAc was introduced into the flask and stirred until the 
lithium chloride was completely dissolved. 
 




















Figure 9 Scheme of chitin hydrolysis where m<n 
(n, m represent the number of repeat chitin functional group) 
 
80ml of different concentrations of HCl (from 6M to 12M) was placed in a round 
250ml bottomed flask and immersed in the water bath at 30oC or 40oC. The HCl was 
pre-heated for about 5 minutes after which 1.8g of chitin was added to react for 
different times (from 5min to 80min). After the desired reaction time, the reaction was 
quenched in an ice bath and neutralized with NaOH (w/w 33.3%, prepared by adding 
100g NaOH in 200ml of water). After neutralization, the mixture was centrifuged 
50ml in centrifuge tubes at 6000rpm for 8mins. The supernatant was discarded and 
the solid dialyzed in flowing water for at least 3 days, centrifuged and the solid chitin 
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freeze-dried for 3 days. Dried samples were stored in a desiccator for characterized 
subsequent characterization and reactions. 
 
2.2.4 Characterization of lower molecular weight (LMW) chitin 
 
The main characterization methods were gel permeation chromatography (GPC) to 
determine the molecular weight of chitin and infra-red (IR) spectroscopy to confirm 
that the product was still chitin. 
 
Figure 10 shows the 473,000D Pullulan standard GPC profiles in the two solvents, 
10-A is Pullulan in HAc/NaAc and 10- B is Pullulan in 5%LiCl/DMAc. The first peak 
of each profile is the sample peak used for the calculation of molecular weight. The 
second peak is attributed to the interaction between the eluent and column called 
“system peaks” and is disregarded. In HAc/NaAc, the system peak is lower than the 
sample peak while in 5%LiCl/DMAc the system peak is larger due to the LiCl 
interaction with column being stronger and affecting the column efficiency. The 
retention time of the system peak changes for each batch of analyses due to variations 
in sample concentration, viscosity and column condition and it is important to check 
the Standards’ system peak’s position each time to maintain consistency in the 
accuracy between different batches.  
 
Once the series of Standards’ profiles are obtained, the retention time of the first peak 
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of each molecular weight of the Standards are plotted against their molecular weight 
to present the calibration curve. The molecular weight of chitin samples are estimated 
from this Standard calibration curve based on its retention time  
 
Figure 10 GPC profiles of standard 473,000D at the same concentration. 
A: in HAc/NaAc;  B: in 5%LiCl/DMAc 
 
Experiments notes: 
During sample preparation, the sample viscosity in 5%LiCl/DMAc is very important 
to the data obtained. For high molecular weight chitin, the concentration should be 
low to ensure that the pump has enough pressure to ensure flow, or else the column 
will be choked or its pressure increases in order to force the flow, resulting in the 

















viscosity samples also plays a key role as the higher the concentration the sharper the 
sample peak. For sample injection, it is best to inject as fast as possible to reduce error. 
The baseline should be closely monitored. If the baseline drifts, the column, pump or 
sample, may be causing the drift and should be corrected before each sample injection 
to ensure the baseline is acceptable as it may affect the next sample’s performance.  
 
IR spectroscopy was carried out on a BioRad Excaliber series IR spectrometer. As 
chitin rapidly absorbs rather large amounts of water that would interfere with IR 
measurements, chitin as well as the hydrolyzed samples (after freeze-drying) were 
dried in an oven set at 50oC for at least 1h. KBr permanently kept at 50oC was grinded 
manually with the samples in an agate mortar and pestle and pressed between NaCl 
plates for IR measurements. It was very important to ensure that the samples were 
finely ground and well-mixed to reduce light scattering and NaCl plate scratching as 
well as reduce unnecessary adsorption that may interfere with the sample spectrum. 
 
2.3 Sulfation of hydrolyzed chitin 
 
There are two positions on the pyranose ring of chitin that can be chemically accessed, 
the C-6 and C-3 hydroxyls. The C-6 hydroxyl is pendant to the ring and is therefore 




2.3.1 Preparation of C6-sulfated-chitin 
 
The reaction procedure for preparing C6-sulfated-chitin is shown in Figure 11. 0.6g of 
as received chitin or LMW chitin was dissolved in 30ml 5%LiCl/DMAc in a 150ml 
round bottom flask to give a 2% solution. 3.8g of sulfur trioxide-pyridine complex 
was dissolved in 15ml 5%LiCl/DMAc in another round bottom flask. After the sulfur 
trioxide-pyridine complex had dissolved, it was added to the chitin solution dropwise 
by syringe and allowed to react for 24h. After 24h, the reaction was terminated by 
pouring the reaction mixture into 200ml of acetone, filtered (if it could be filtered) or 
centrifuged (if the sample became insoluble and could not be filtered). The residue 
was dissolved in about 15 ml of water and the pH adjusted to pH14 with sodium 
hydroxide ((NaOH solution, w/w 10%)) and dialyzed in flowing water for 7 days. The 
dialyzed sample was freeze-dried and stored in dessicator for further characterization 
(refer to sections 2.2.4 and 2.4). The C6-sulfated-chitins are water soluble. 
 
Experimental Notes: 
Chitin is usually stored at room temperature. Before use, it is necessary to dry chitin 
in the round bottom flask in the oven at 60oC for 1h, and subsequently cool the whole 
round bottom flask in a vacuum desiccator. After the flask cools, a syringe is used to 
transfer 30ml of the prepared 5%LiCl/DMAc solvent to dissolve the LMW chitin. 
Similarly, the sulfur trioxide-pyridine complex is also hygroscopic and the round 
bottomed flask used to contain it is also dried and cooled to reduce moisture uptake. 
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Transfers of the sulfur trioxide-pyridine complex in 5%LiCl/DMAc required the use 




















Figure 11 Reaction scheme for the C6 sulfation of as received chitin or LMW chitin 
 
2.3.2 Preparation of C3, 6-sulfated-chitin 
 
The reaction procedure for preparing C3, C6-sulfated-chitin is shown in Figure 12. 
Generally the procedure followed that used for C6 sulfation. 0.5g of as received or 
LMW chitin was dissolved in 25ml 5%LiCl/DMAc and 3.3g of sulfur 
trioxide-pyridine complex was added and permitted to react for 24h at room 
temperature. The reaction set-up was next placed in an oil bath at 75oC and reaction 
was permitted to progress for another 12h. The reaction mixture was cooled to room 
temperature, poured into 200ml of acetone to precipitate the 3, 6-sulfated-chitin. The 
precipitate-supernatant was centrifuged to isolate the precipitate that was dialyzed for 
10 days. Subsequently, the precipitate was freeze-dried and stored. The C3, 
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C6-sulfated-chitins were characterized for the degree of sulfation using NMR and 
GPC for molecular weight. The anticoagulant property was evaluated for APTT, PT 


















Figure 12 Reaction scheme of C3 and C6 sulfation of chitin. 
 
2.4 Anticoagulation assays 
 
One notable property of sulfated-chitins is their ability to delay the onset of blood 
coagulation. The preparation of LMW sulfated-chitins presents an opportunity to 
evaluate these materials for their anticoagulation property using the following assays: 
 
2.4.1 Activated Partial Thromboplastin Time 
The Activated Partial Thromboplastin Time (APTT) assay measures the clotting time 
from the activation of factor XII through to the formation of fibrin clot. APTT 
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measures the integrity of the intrinsic and common pathways of coagulation. The 
coagulation reaction initiated by kaolin, PL, and calcium is termed the APTT assay 
[79]. Figure 13 outlines the sequence in fibrin clot formation for APTT. 
Blood plasma 









of the clotting time
Factor
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Ca2+, PL
Factor





Figure 13 principle of APTT test (PL: phospholipid) [79]. 
2.4.2 Thrombin Time 
Thrombin Time (TT) measures clotting time of the last step in the coagulation 
cascade that is the conversion of fibrinogen into fibrin by thrombin. This test is very 
sensitive to low amounts of anticoagulants [80]. Figure 14 outlines the sequence in 
fibrin clot formation for TT. 
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Figure 14 Principle of TT test [79]. 
 
2.4.3 Prothrombin Time 
 
The Prothrombin Time (PT) assay measures the time from the activation of factor VII 
through to the formation of fibrin clot. This assay measures the integrity of the 
extrinsic and common pathways of coagulation. Therapeutic anticoagulants including 
heparin lead to PT prolongations [81]. Figure 15 outlines the sequence in fibrin clot 
formation for PT. 
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of the clotting time
 
Figure 15 Principle of PT test [79]. 
Factor Ⅲ: Tissue Factor; Factor Ⅳ: Calcium (Ca2+); PL: Phospholipid; 
 
2.4.4 Preparation of samples for anticoagulation assay 
 
To make a 50µg/ml LMW sulfated-chitin sample, 0.05g of the sulfated-chitin was 
dissolved in ultra pure water in a 100ml volumetric flask. 1ml of this 50µg/ml 
solution was diluted a further 10 times with ultra pure water using volumetric flask 




Anticoagulant assays—Citrated human platelet-poor plasma (PPP) was purchased 
from Dade, Germany (Lot.B4244-10). The plasma powder was reconstituted by 
Mili-Q water before use. Innovin (B4212-50), Actin FSL (B42192), thrombin reagent 
(B4233-25) and thromboclotin (281007) were all purchased from Dade®, Germany 
and used for prothrombin time (PT), activated partial thromboplastin time (APTT), 
fibrinogen time (FT), and thrombin time (TT) respectively. The assays were 
conducted according to the manufacturer’s instruction using an automated blood 
coagulation analyzer (CA-540, Sysmex Corp, Kobe, Japan). 
Sample preparation: Distilled water was used as reference. Samples for blood test 
were prepared in volumetric flasks to prepare 50µg/ml of C6-sulfated-chitin and 
5µg/ml for C3, 6-sulfated-chitins. Samples were placed in testing plastic bottles were 
placed in the analyzer, with the distilled water reference occupying the first sample 
slot. The program was set for testing PT, APTT and TT. Each test was performed in 
triplicate.  
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CHAPTER 3 RESULTS AND DISCUSSION 
 
3.1 Method development to prepare lower molecular weight (LMW) chitin 
 
In our opinion, the reliable and reproducible preparation of lower molecular weight 
chitin that retained much of the original chitin physical properties yet be easier to 
process is essential for the further application of chitin. While enzyme-based methods 
are preferred as they are milder and more easily controlled, the cost is usually 
prohibitive. Hydrolysis using acids is more difficult to control but is readily available 
and when precautions are exercised is rather straightforward. The work reported here 
investigated a concentration series of HCl to produce LMW chitin. 
 
3.1.1 Confirmation of the structure of hydrolyzed chitin 
 
The FT-IR spectra of hydrolyzed chitins obtained using various conditions are shown 
in Figure 16. The peaks at 3200-3500cm-1 (O-H, N-H), 1654 cm-1 (amide), 1423 cm-1 
(-CH3 and CH2) and 1028cm-1 (stretching vibration of C-O-C in glycoside bond) 
1655-1661(C=O stretching in secondary amide {amide Ι}), 1550 (C=O stretching in 
secondary amide {amide ΙΙ}), 1320 (C=O stretching in secondary amide {amide III}) 





Figure 16 IR spectra of (A) hydrolyzed chitin at 9M HCl, 30oC, 30min, (B) 
hydrolyzed chitin at 9M HCl, 40oC, 15min, (C) hydrolyzed chitin at 9M 
HCl, 50oC, 15min and (D) hydrolyzed chitin at 9M HCl, 60oC, 15min 
 
The OH bands of polysaccharides and/or linked H2O appearing near 1640 cm-1 [83] 
make the absorption in the amide I and amide II band range complex. In particular, an 
increase in the adsorbed water content causes an increase in the absorption band at 
1640 cm-1 concomitant with the increase in the 3450 cm-1 absorption band [84]. This 
is a consequence of the presence of the -NH2 band centered near 1590 cm-1 that is 
sufficiently large to give a relatively important absorption near 1655 cm-1 [85] and 
also influences the absorption at 1560 cm-1[86]. These data show that the structures of 




Figure 17 IR spectrum of chitin. 
 
3.1.2 Evaluation of reaction conditions on the properties of hydrolyzed chitin 
 
Our aim was to obtain sulfated-chitin of different molecular weights in the range 
between 9000 to 240000 Daltons. Therefore, the reaction conditions, concentration of 
HCl, time and temperature, were varied to obtain specific reaction conditions for 
several desired molecular weights of chitin and it was necessary to evaluate the 
reaction conditions’ effect on the molecular weight of chitin after hydrolysis. The role 
of the reaction mechanism will also be discussed. 
 
3.1.2.1 Influence of the reaction time 
 
The first series of hydrolysis reactions of chitin focused on varying the reaction time 
with different HCl concentrations to see its impact on the molecular weight of chitin. 
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Figure 18 Plot of MW versus reaction time for different HCl concentrations at 30oC.  
a) -■- hydrolysis at 8M. 
 b) -•- hydrolysis at 9M. 
c) -▲- hydrolysis at 10M. 
d) -▼- represents hydrolysis at 12M. 
 




























Figure 19 Plot of MW versus reaction time for different HCl concentrations at 40oC. 
a) -■- represents hydrolysis at 10M. 





















Figure 20 Plot of MW of hydrolyzed chitin for different reaction times. (9M HCl, 

























Figure 21 Plot of MW of hydrolyzed chitin for different reaction times. (8M HCl, 
30oC [n = 3]) 
 
The results from Figures 18-21 indicate that the molecular weight of chitin decreased 
with an increase in reaction time. However, the decrease in molecular weight was not 
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linear to hydrolysis time for the same HCl concentration and temperature. Generally, 
the decrease in molecular weight was faster in the first 30 min, beyond which the rate 
slowed, as observed from the reduced gradient of the curves in Figure 18. The 
molecular weight decrease was steeper when the reaction time went beyond 10 min 
for HCl concentrations of 9M, 10M and 12 M as well as a 10oC rise in temperature 
(Figures 18 and 19). From these preliminary data, it is easy to conclude that low 
temperatures (30oC and 40oC) and lower HCl concentration (<11M) with a moderate 
reaction time between 15 to 35 min would yield hydrolyzed chitins of desired 
molecular weights (between 10,000D to 60,000D). Hydrolyzed samples were 
evaluated for their characteristics after freeze-drying. The lower molecular weight 
chitins obtained in this work were slightly more crystalline compared to the original 
chitin which was more fibrous. Nevertheless, all the hydrolyzed chitins produced in 
this work were soluble in 5%LiCl/DMAc and insoluble in water. Solubility in 
5%LiCl/DMAc is the "acid-test" that distinguishes the chitin character and it can be 
concluded that all the hydrolyzed chitins retained some resemblance of their chitin 
character albeit for the same concentration, the hydrolyzed chitin had lower 
viscosities. For the original chitin, a 1% solution was already difficult to stir. However 
for hydrolyzed chitin, much more lower molecular weight chitin could be dissolved 
with the stirrer still working. 
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3.1.2.2 Mechanism of chitin hydrolysis 
 
In the concentrated HCl hydrolysis of chitin, glycosidic linkages are hydrolyzed 10 
times faster than the N-acetyl linkage. Therefore, when treated with concentrated HCl, 
chitin depolymerizes faster than deacetylating [87]. All interior bonds have the same 
reactivity while the two terminal bonds are more susceptible to hydrolysis [27]. 
Therefore, hydrolysis of chitin occurs by the random scission of glycosidic linkage 
from the reducing terminal units [1].  
 
The hydrolysis of the N-acetyl linkage is a SN2 reaction where the rate limiting step is 
the addition of water to the carbonium ion, implying that the reaction rate decreases 
with increasing acid concentration (decreasing water concentration) as depicted in 
Figure 22a [87]. In contrast, the hydrolysis of the glycosidic linkage is a SN1 reaction 
where the rate limiting step is the formation of the carbonium ion, implying that the 
rate is independent of the water concentration as shown in Figure 22b. 
 
Another factor contributing to the chitin hydrolysis process is its composition. Chitin 
is composed of two units, N-acetylated units and N-deacetylated units. The specificity 
of the acid-catalyzed cleavage of the different glycosidic linkages in concentrated HCl 
is such that the linkages between the two acetylated units (A-A) and between an 
acetylated and a deacetylated unit (A-D) is cleaved at about an equal rate and three 
orders of magnitude faster than the other two linkages (D-A and D-D) [87]. Therefore, 
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Figure 22 Schematic illustrations of the proposed reaction pathways for the 
acid-catalyzed hydrolysis of the N-acetyl and the glycosidic linkages in 
chitin. [87] 
(a) Hydrolysis of the N-acetyl linkage (SN2 reaction). 
(b) The most widely accepted pathway for hydrolysis of the glycosidic 
linkage (SN1 reaction).  
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Furthermore, chitin consists of amorphous (unoriented) and crystalline (oriented) 
regions. The amorphous regions are more readily accessible and prone to chain 
scission. Hence, lower molecular weight chitin should consist of a higher percent of 
crystalline regions while higher molecular weight chitin would consist of a higher 
percent of amorphous regions [59, 27, 88].  
 
Last, it is reasonable to assume that aggregates composed of several interacting chains 
may also exist in solution, and that bonds between monomer units participating in 
such interactions are less accessible for hydrolysis. Since concentrated HCl can 
solubilize chitin, inter-chain interaction disruption is possible, and the high reaction 
order with respect to the acid may therefore represent a solvent effect upon the chain 
conformation, rather than the chemical mechanism of hydrolysis. During the initial 
hydrolysis stage there is a change in the character of chitin. The material that 
precipitates upon neutralization of the reaction mixture is more flocculent than that 
precipitated from conditions under which no reaction had occurred, and the change in 
kinetic behavior during the initial hydrolysis might be due to these alterations [27].  
 
The decrease of molecular weight (LMW hydrolyzed chitin) lead to the 
transformation of crystal structure, a decrease of thermal stability and an increase in 
water-solubility, but the chemical structures of glycoside residues remain intact. [89] 
 
Based on the acid hydrolysis mechanism, depolymerization of chitin occurs by the 
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random scission of glycosidic links from the exterior terminal ends to the interior 
chains of chitin. With a low HCl concentration, the formation of carbonium ion is 
slower, and the scission of chitin chains differs greatly from one to another. The 
transformation of chitin structure during chitin hydrolysis may also contribute to the 
non-regular scission (which means the poor reproducibility) of chitin chains.  
 
3.1.2.3 Influence of GPC method on the measured molecular weight of 
hydrolyzed chitins 
 
The molecular weight determination method can contribute to the irregular molecular 
weights obtained for hydrolyzed chitins. For accuracy of results, the same 8 standards 
with molecular weights from 5900 to 788000 (5900, 11800, 22800, 47300, 112000, 
212000, 404000, 788000) were used for all the characterizations. GPC is not a perfect 
method for the accurate characterization of molecular weight of chitin for several 
reasons. GPC differentiates molecular weight based on the retention time of the 
polymer. This depends largely on the interactions between the column materials and 
the polymer sample solution. With time, the column materials become worn, affecting 
the interaction between materials and samples that in turn affects the standards’ 
retention time. If the retention times are affected, the calibration line will also be 
influenced. The differences between retention times of the standards vary from 5900 
to 788000. Since the distribution range of molecular weights are quite large, the 
calibration line will depend largely on higher molecular weight standards that also 
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affect the molecular weight results of the hydrolyzed chitin samples. The solvent 
components especially the 5%LiCl, may interact with the column and this will also 
influence the retention time. Finally, high molecular weight chitin (higher than 60,000) 
samples will be viscous when dissolved in 5%LiCl/DMAc that will lead to system 
pressure increase that affects the peak positions that again may result in molecular 
weight value differences. 
 
The above factors affect the molecular weight determination of hydrolyzed chitin. 
Nevertheless, the general trend is that the molecular weights for hydrolyzed chitins 
decreased with increasing reaction time for the same hydrolysis condition. 
 
3.1.2.4 Influence of the HCl concentration 
 
As the HCl concentration increase from 6M to 7M and 7M to 9M, a greater difference 
in molecular weights compared to higher HCl concentration shifts from 10M to 11M 
and 11M to 12M were observed. From 7M to 9M at 30oC hydrolysis resulted in more 
than 100,000Dalton difference in molecular weight, which may be due to the 
mechanism of chitin hydrolysis, as the initial reaction were limited by the formation 
of the carbonium ion, with increasing H+, more such ions could be formed, the 
reaction could be faster.   
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Figure 23 Plot of Molecular weight versus concentration of HCl for a fixed reaction 
time and temperature. (the errors bars are not included to make the plot 
clearer) 
a) -■- represents hydrolysis at 30oC and 15min. 
b) -•- represents hydrolysis at 30oC and 30min. 
c) -▲- represents hydrolysis at 40oC and 15min. 






















Figure 24 Molecular weight (mean) of hydrolyzed chitin versus HCl concentrations 
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Figure 25 Molecular Weight of hydrolyzed chitin versus HCl concentration. at 40oC 
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Figure 26 Molecular Weight of hydrolyzed chitin versus HCl 
concentration at 40oC and reaction time of 30min [n = 3]) 
 
For HCl concentrations higher than 9M (10M, 11M and 12M) at the same temperature, 
only a small difference in molecular weight was observed. This was probably because 
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at these concentrations of HCl, the amount of H+ ions surrounding chitin might have 
been saturated. Hence, diffusion of H+ into the chitin chains may have reached a 
plateau. Thus, increasing the concentration would not have a significant effect. The 
increase in molecular weight at 10M, 30oC for 30min (Figure 24) may be due to the 
H+ ions saturation and the random scission of chitin chains from the external 
terminals. 
 
From Figure 24, it can be seen that for the same HCl concentration, the temperature 
affects the molecular weight much more than time as the difference between the 30oC 
and 40oC is larger than the difference between 30oC, 15min and 30oC, 30min. A 
higher temperature increases the reaction rate by increasing the number of collision 
above Ea, therefore, at higher temperatures (compared to reaction time) more LMW 
products could have formed.  
 
Based on the above discussion, the reaction conditions significantly influenced the 
molecular weight of hydrolyzed chitins. The trends of chitin hydrolysis reactions are 
summarized as follows: 
1. for the same reaction temperature and time, the higher the HCl concentration, 
the lower the molecular weight of hydrolyzed chitin 
2. for the same reaction time and HCl concentration, the higher the temperature, 
the lower the molecular weight of hydrolyzed chitin 
3. for the same HCl concentration and reaction temperature, the longer the 
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reaction time, the lower the molecular weight. 
 
3.1.2.5 Reproducibility of chitin hydrolysis 
 
Figure 27 shows that for the same concentration the results followed similar trends as 
discussed previously. 
 






























Figure 27 Plot of average molecular weight of hydrolyzed chitin versus 
concentration of HCl to determine the reproducibility of chitin hydrolysis 
(n=3).  
a) -■- hydrolysis at 30oC and 30min  
b) -▲- hydrolysis at 40oC and 15min 
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Figure 28 Chart of molecular weight reproducibility for different hydrolysis 
conditions with standard deviation (obtained using OriginPro 7.0’s 
function of “statistics”) (n=3). 
A. Hydrolyzed chitin obtained at 9M, 30oC, 30min (HCl concentration is 9M, 
temperature is 30oC, time is 30mins) 
B. Hydrolyzed chitin obtained at 9M, 40oC and 15min 
C. Hydrolyzed chitin obtained at 10M, 30oC and 30min 
D. Hydrolyzed chitin obtained at 10M, 40oC and 15min 
E. Hydrolyzed chitin obtained at 11M, 30oC and 30min 
F. Hydrolyzed chitin obtained at 12M, 40oC and 15min 
 
However, different chitin hydrolysate samples prepared under the same conditions 
produced molecular weights that did not agree closely to each other. From Figure 28, 
in most cases, the desired molecular weights are comparably easier to repeat (the error 
bar is smaller) to produce similar products. The low molecular weight was generally 
produced by higher HCl concentration or long reaction time. The big error bar for 
groups A and B may be due to the difference in the crystalline structure of chitin 
(amorphous regions in chitin crystalline) as well the nature of depolymerization of 
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acid hydrolysis on chitin (random scission of chitin chains during hydrolysis).  
 
3.2 Chitin Sulfation 
 
The sulfation of chitin and chitosan has an established history and the types of 
sulfating agents that have been used and reaction conditions that have been tried are 
well documented. [90]. For example, Nagasawa et al. [91] prepared sulfated-chitin 
using sulfuric acid, tetrahydrofuran, and phosphorus pentoxide at -20 ºC, respectively. 
A series of chitin derivatives containing the sulfate group have also been synthesized 
by treating 6-O-trityl-chitin in dichloroacetic acid with SO3-pyridine complex or by 
reacting 6-O-carboxymethl chitin with chlorosulfonic acid in DMF. [54-55]. 
 
3.2.1 Choice of sulfating agent and reaction conditions 
 
To date, the common difficulty of sulfating chitin is that the reactions have been 
performed under heterogeneous conditions because chitin is insoluble or only slightly 
soluble in organic solvents. Organic solvent is used as reaction medium in 
conventional sulfation procedures. The average molecular weight and yield of both 
sulfated chitin and chitosan showed degradation of the chitin structure when 
concentrated sulfuric acid was used as the sulfating reagent [91]. Such degradation 
also occurred when chlorosulfonic acid or sulfur trioxide were used to sulfate chitin or 
chitosan, even under controlled conditions [91]. When sulfuric acid was combined 
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with Lewis bases, the combination effect of these two reagents result in less 
degradation, and they were once been widely used [92]. Recently, several types of 
sulfur trioxide complexes, e.g. sulfur trioxide-DMF, triethylamine, trimethylamine, 
dioxane and bis (2-chloroethyl)-ether complex, have been prepared and used for the 
sulfation of polysaccharides [93]. Sulfur trioxide-pyridine complex is among the more 
popular sulfating reagent as it does not readily degrade chitin, is effective in sulfating 
chitin and was chosen for this work. 
 
To obtain a good sulfated-chitin, sulfation should be carried out in a completely 
homogenous system. This is because the progress of sulfation can be easily controlled 
and relatively free from side reactions, such as cleavage or transfer of the glycosidic 
linkages and decomposition of the sugar components [94]. Sulfation under 
homogeneous conditions by our research group has been shown to be essential for 
obtaining a synthetically sulfated-chitin with a homogeneous distribution of the 
sulfate groups [95]. The C6 and C3, 6 sulfation of chitin for this project match the 
requirements of mild and controllable reaction conditions without obvious side 
reactions. Chitin sulfation took place in 5%LiCl/DMAc in which chitin and sulfur 
trioxide-pyridine complex (as sulfating reagent) readily dissolves. By varying the 
temperature and time for sulfation, the optimal reaction condition are obtained. C6 
sulfation optimally occurs at room temperature and was complete in 24h for 
completely sulfation of C6 position of chitin. The C3, 6-sulfation was easily 
controlled by first reacting at room temperature for 24h and subsequently increasing 
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the reaction temperature to 75oC for 12h. 
 
3.2.2 Sulfation Characteristics 
 
It is most probable that sulfation of chitin is a non-specific chemical derivatization, 
meaning the sulfation can potentially lead to substitution at either the C3 or C6 
hydroxyl groups in the chitin chain. However, under mild reaction conditions of room 
temperature in a homogeneous media with excess sulfur trioxide-pyridine complex, 
steric accessibility favors substitution at the C6 hydroxyl group [96]. Upon increasing 
the temperature, complete sulfation of both the C3 and C6 hydroxyl groups is possible 
as the steric factor is voided. 
 
Chitin is a neutral polysaccharide [5]. The C6 and C3, 6 sulfation of chitin are 
electrophilic substitution reactions. Figure 29 displays the detail of electrophilic 
substitution reactions. Chitin in 5%LiCl/DMAc interacts with sulfur trioxide-pyridine 
complex to form an intermediate that will produce sulfated-chitin sodium salt upon 
the addition of sodium hydroxide. NaOH was added to neutralize the sulfated-chitin 































Figure 29 Reaction of chitin to C3, 6-sulfated-chitin. 
 
 
3.2.3 Confirmation of the structure of sulfated-chitins 
 
Figure 30 represents the structure of C6 sulfated-chitin, stipulating the proton 
















Figure 30 Structure of C6 sulfated-chitin.  
 
Figure 31 presents the detailed NMR spectrum of C6-sulfated-chitin. The observed 
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chemical shift at δ2.0ppm is assigned the CH3 of the N-acetyl group. The 
δ3.6-4.0ppm group of peaks is assigned to the protons at the C2, 3, 4, 5 positions of 
the chitin pyranose ring. Peaks around δ4.0-4.4ppm are attributed to the proton on C6 



















































*** Acquisition  Parameters ***
D[1] :      1.0000000 sec
D[33] :      0.0000000 sec
NS :             64
O2 :        1853.43 Hz
SFO1 :    300.1318534 MHz
SOLVENT : D2O
SW :        17.9519 ppm
SW_h :       5387.931 Hz
*** Processing Parameters ***
LB :           0.30 Hz
*** 1D NMR Plot Parameters ***
SR :         -20.46 Hz
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Figure 31 H-NMR spectrum of C6-sulfated-chitin.  
 
Figure 32 presents the detailed NMR spectrum of C3, 6-sulfated-chitin. The chemical 
shift at δ2.0ppm is again assigned to the CH3 of the N-acetyl group. The δ3.6-4.0ppm 
group of peaks is also assigned to the protons at the C2, 3, 4, 5 positions of the chitin 
pyranose ring. The peak near δ4.6-4.7ppm is assigned the proton to the C1 position of 
chitin pyranose ring. Peaks around δ4.1-4.4ppm are protons on the C6 position of 
the sulfated chitin while peak at δ4.5ppm is the proton on theC3 position of the chitin 
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pyranose ring, indicating the substitution of H-6S, H-3S and confirming the structure 
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Figure 32 H-NMR spectrum of C3, 6-sulfated-chitin. 
 
3.2.4 Sulfated chitin as an indirect method to characterize MW of chitin 
 
Sulfated-chitin is water soluble. This is an advantage as molecular weight 
characterization using GPC is a solution-based method. The molecular weight 
determined for sulfated-chitin can be an indirect method for the characterization of 
molecular weights of chitin since the C6 sulfation of chitin is relatively 
straightforward. A simple comparison between the molecular weight obtained for 
sulfated-chitin to hydrolyzed chitin demonstrates the possibility of the proposed 
indirect method.  
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3.2.4.1 Comparison of MW between sulfated-chitin and hydrolyzed chitin 
 
As displayed in Figure 33, the difference between sulfated-chitin and its 
corresponding hydrolyzed chitin varied in its molecular weight. The lower molecular 
weight (<25,000D) sulfated-chitin and hydrolyzed chitins generally agree better (with 
molecular weight difference less than 5,000D) than the higher molecular weight 
counterparts that differ by as much as 20,000D. 
 
The reason for the above observation is that solutions of hydrolyzed chitin at 1%-2% 
concentrations are usually viscous, especially for molecular weights >30,000D. 
Therefore, the system peak is strong while the sample retention peaks become more 
rounded and less sharp enough for accurate calibration. Sulfated-chitin readily 
dissolves in 0.3333M HAc/0.1M NaAc, with the sample peak much sharper and 
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Figure 33 Molecular weight of a) -■- C6-sulfated-chitin and b) -▲- its corresponding 
hydrolyzed chitin. 
A. C6-sulfated chitin and corresponding chitin hydrolyzed at 8M, 30oC, 15min 
B. C6-sulfated chitin and corresponding chitin hydrolyzed at 9M, 30oC, 30min 
C. C6-sulfated chitin and corresponding chitin hydrolyzed at 8M, 40oC, 15min 
D. C6-sulfated chitin and corresponding chitin hydrolyzed at 8M, 30oC, 30min 
E. C6-sulfated chitin and corresponding chitin hydrolyzed at 11M, 30oC, 15min 
F. C6-sulfated chitin and corresponding chitin hydrolyzed at 10M, 30oC, 30min 
G. C6-sulfated chitin and corresponding chitin hydrolyzed at 9M, 40oC, 15min 
H. C6-sulfated chitin and corresponding chitin hydrolyzed at 10M, 40oC, 15min 
I. C6-sulfated chitin and corresponding chitin hydrolyzed at 11M, 40oC, 15min 
J. C6-sulfated chitin and corresponding chitin hydrolyzed at 11M, 30oC, 30min 
K. C6-sulfated chitin and corresponding chitin hydrolyzed at 10M, 40oC, 30min 
L. C6-sulfated chitin and corresponding chitin hydrolyzed at 9M, 40oC, 30min 
M. C6-sulfated chitin and corresponding chitin hydrolyzed at 11M, 40oC, 30min 
 
Figures 34-35 and figure 10 are examples to demonstrate the difference in retention 
time peaks between sulfated-chitin and their corresponding hydrolyzed chitin. The 
viscosity of chitin could cause the system pressure to go higher and higher, therefore, 
the system peak cannot be kept at the same place, leading to inaccurate calibration of 
















Figure 34 GPC profile of chitin sample 270604 at the same concentration. 
(A) Hydrolyzed chitin in 5%LiCl/DMAc 
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Figure 35 GPC profiles of standard 473,000 Dalton at the same concentration  
A. Standard in HAc/NaAc 
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Figure 10 Full GPC profiles of standard 473,000D at the same concentration 
A. in HAc/NaAc;  B. in 5%LiCl/DMAc 
 
From the above profiles it was found that the sulfated-chitin peaks in GPC (which 
resulted from different solvents systems) are sharper than their corresponding 
hydrolyzed chitin retention peaks in 5%LiCl/DMAc. 
 
Based on the above observations, the sulfated-chitin could be used as a good indirect 
method of molecular weight determination of chitin by GPC. 
 
3.2.4.2  Confirmation of chitin hydrolysis trends 
 
Figure 36 shows the molecular weights for C6-sulfated-chitin samples confirming the 
conclusion obtained from chitin hydrolysis: generally for the corresponding HCl 
hydrolysis reaction, the molecular weight of the sulfated-chitin remained identical to 




hydrolyzed chitin, mainly by increasing the molecular weight (observed from Figure 
33) of hydrolyzed chitin as a result of sulfation. 
 
































Figure 36 Graph of molecular weight of sulfated-chitins against HCl concentration.   
a) -■- represents C6-sulfated-chitin of hydrolyzed chitin produced at 
30oC for 5min for different HCl concentrations.  
b) -•- represents C6-sulfated-chitin of hydrolyzed chitin produced at 
30oC for 30min for different HCl concentrations.  
c) -▲- represents C6-sulfated-chitin of hydrolyzed chitin produced at 
40oC for 15min for different HCl concentrations  
d) -▼- represents C6-sulfated-chitin with hydrolyzed chitin produced 
at 40 oC for 30mins for different HCl concentrations. 
 
3.2.4.3 Confirmation of reproducibility of chitin hydrolysis 
 
The reproducibility of sulfated-chitins was again dictated by the hydrolyzed chitin for 
the same reaction conditions. The lower molecular weight (< 30,000D) 
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sulfated-chitins were better in reproducibility agreeing well with the hydrolyzed 
chitins trends shown in Figure 28.  
 




















Figure 37 Chart of reproducibility determination with different C6-sulfated-chitins 
obtained under different hydrolysis conditions. (n=3) 
A. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 8M, 30oC, 15min 
B. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 8M, 30oC, 35min 
C. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 8M, 40oC, 30min 
D. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 9M, 30oC, 10min 
E. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 9M, 30oC, 15min 
F. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 10M, 30oC, 
30min 
G. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 10M, 40oC, 
30min 
H. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 11M, 40oC, 
15min 
I. C6-sulfated-chitin of hydrolyzed chitin. Hydrolysis conditions: 12M, 40oC, 
15min 
 
The higher molecular weight sulfated-chitins’ reproducibility were relatively not as 
reproducible as shown in Figure 37 where a relatively larger error bar was obtained as 
a result of the less efficient chitin hydrolysis.  
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3.3 Anticoagulant activity of sulfated-chitins 
 
Unfractionated heparin has been a common clinical anticoagulant for many years, but 
it is being replaced by the newer, lower molecular weight preparations. Lower 
molecular weight heparin has many advantages comparing to unfractionated heparin 
while maintains its function [97]. With decrease in molecular weight, heparin and 
sulfated-chitosan samples increase their activity of aXa (anti-factor Xa) [98].  
 
The sulfated-chitins synthesized in this project are based on the hydrolyzed lower 
molecular weight chitin. Therefore, it would be interesting to check whether these 
sulfated-chitins display certain relationship between molecular weight and 
anticoagulation properties by doing APTT, TT and PT assay. 
 
3.3.1 Anticoagulant property of C6-sulfated-chitin as a function of the 
molecular weight 
 
Figure 38-40 shows the results of APTT, TT and PT assays for C6-sulfated chitins of 
different molecular weights. The results indicate that C6-sulfated-chitins have 
anticoagulant activity similar to heparin. However, the anticoagulant properties are 
not a function of the molecular weight. Only a very slight difference in their PT, TT 
and APTT results was found as the molecular weight increased. The APTT variation 
was irregular with the largest difference of 5s for different molecular weight 
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C6-sulfated-chitin. APTT reached a peak at a molecular weight of 90,000D, the 
lowest point was for the C6-sulfated-chitin of molecular weight 38,000D. All the 
other C6-sulfated chitins had almost the same activity as the C6-sulfated-chitin based 
on non-hydrolyzed chitin. For TT and PT, there was almost no variation as the 
molecular weight increased for the C6-sulfated chitins. 
 



















      MW/Dalton
 
Figure 38 PT of C6-sulfated-chitin with different molecular weights (sample 
concentration is 50µg/ml). 
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Figure 39 TT of C6-sulfated-chitin with different molecular weight at concentration 
of 50µg/ml). 
 























3.3.2 Anticoagulant property of C3, 6-sulfated-chitin as a function of the 
molecular weight 
 
Figure 41 shows the results of APTT, TT and PT assays for C3, 6-sulfated chitins of 

























Figure 41 Anticoagulant properties of C3, 6-sulfated-chitin (sample concentration is 
5µg/ml).   
a) -•- APTT 
b) -▲-TT 
c) -■- PT  
d) The lines represent the Polynomial fits 
(X axis 0 represents the reference Milli-Q water) 
 
The APTT and TT results do not exhibit a linear relationship with the molecular 
weight. The anticoagulation property of APTT and TT appear to have a specific 
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relationship with molecular weight which could be found by the polynomial fit lines. 
APTT and TT increases as the molecular weight of C3, 6-sulfated-chitin increased 
until a maximum at the molecular weight around 70,000D. After the maxima, the 
anticoagulation activity of APTT and TT decreased with increase in the molecular 
weight of C3, 6-sulfated-chitin. The PT remained almost constant for the range of 
molecular weights.  
 
3.3.3 Comparison of anticoagulant property between C3, 6-sulfated-chitin to 
C6-sulfated-chitin 
 
The key structural unit of heparin is a unique pentasaccharide sequence (Figure 42). 
This sequence consists of three D-glucosamine and two uronic acid residues. The 
central D-glucosamine residue contains a unique 3-O-sulfate moiety that is rare 
outside of this sequence. Four sulfate groups on the D-glucosamines, encircled in the 
Figure 42, are found to be critical for retaining high anticoagulant activity.  
Elimination of any one of them results in a dramatic reduction in the anticoagulant 
activity. Removal of the unique 3-O-sulate group results in complete loss of the 
anticoagulant activity. Removal of sulfate groups other than the critical ones seems to 
not affect the anticoagulant activity. 
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Figure 42  Structure of Heparin [99]. 
 
According to the heparin function principle, the difference in the anticoagulation test 
of C6-sulfated-chitin is slight along the increase of molecular weight may due to the 
sulfation position. As all these C6 sulfated chitin products were sulfated at C6 position, 
which may not affect the anticoagulant property greatly. It is possible that the C3 
position sulfation that is critical to the sulfated chitin anticoagulation property.  
Therefore, it is meaningful to study about sulfated-chitin at both C6 and C3 position 
to verify whether the C3 position sulfation will affect the anticoagulant properties of 
sulfated chitin hugely. 
 
3.3.3.1 Comparison of APTT between C3, 6-sulfated-chitin and 
C6-sulfated-chitin 
 
As discussed previously, the sample concentrations of C6-sulfated-chitin and C3, 
6-sulfated-chitin are different. C6-sulfated-chitin sample concentration is 50µg/ml and 
C3, 6-sulfated-chitin sample concentration is 5µg/ml. Their comparison will be based 
on the data obtained from these two different concentrations. 
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From Figure 43, only test number 1 of APTT of C3, 6-sulfated-chitins displayed 
lower results than its corresponding C6-sulfated-chitins. Most of the other molecular 
weights of 5µg/ml C3, 6-sulfated-chitins displayed a longer APTT time compared to 
their corresponding 50µg/ml C6-sulfated-chitins counterparts by about 6 seconds even 
under different concentration. It is obvious that if both C6 and C3, 6-sulfated-chitin 
are assayed at the same concentration, APTT of C3, 6-sulfated-chitin definitely 
overwhelms the C6-sulfated-chitin. 
 


















Figure 43 APTT tests results for C6 and C3, 6-sulfated-chitins.  
a) -▼- represents APTT of C3, 6-sulfated-chitin (5µg/ml) 
b) -▲- represents APTT of C6-sulfated-chitin (50µg/ml) 
 
 76 
3.3.3.2 Comparison of TT between C3, 6-sulfated-chitin and C6-sulfated-chitin 
 
From Figure 44, most 5µg/ml of C3, 6-sulfated-chitins have longer TT times 
compared to 50µg/ml of their corresponding C6 sulfated-chitins. Obviously, the TT 
improved significantly after the C3, 6-sulfation even with 1:10 ratio in sample 
concentration. 
 






















Figure 44 TT tests results for C6 and C3, 6-sulfated-chitins. 
a) -▼- represents TT of C3, 6-sulfated-chitin (5µg/ml) 
b) -▲- represents TT of C6-sulfated-chitin (50µg/ml) 
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3.3.3.3 Comparison of PT between C3, 6-sulfated-chitin and C6-sulfated-chitin 
 
From Figure 45, it could be concluded that the 5µg/ml C3, 6-sulfated-chitins are 
different from their corresponding 50µg/ml C6-sulfated-chitins. Considering their 
different concentrations, it is very possible that the PT of C3, 6-sulfated-chitins would 
outweigh their corresponding C6-sulfated-chitin significantly if they were assayed 
under the same concentration. 
 





















Figure 45 PT comparison of C6-sulfated-chitin to C3, C6-sulfated-chitin.  
a) -▼- represents PT of C3, 6-sulfated-chitin (5µg/ml) 
b) -▲- represents PT of C6-sulfated-chitin (50µg/ml) 
 
In all, the C3, 6-sulfated-chitins were found to improve the anticoagulant properties 
better compared to their corresponding C6-sulfated-chitins. 
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CHAPTER 4 CONCLUSION 
 
The aim of this work was successfully achieved. Varying the concentration of HCl, 
temperatures and reaction times, produced chitin with a range of molecular weights 
from 9000 to 240000 Daltons. Sulfated-chitin with different molecular weights 
between 9000 to 240000 Daltons was also obtained. Sulfated-chitins were shown to 
be a useful indirect method to characterize the molecular weights of chitin. The 
anticoagulant property of LMW sulfated-chitin was found to be promising. 
 
4.1 Suggestions for future studies 
 
Further study could be based on even lower molecular weight chitins, which are water 
soluble and much easier for characterization of molecular weight or structure or 
mechanism of the reaction. The detailed relationship between anticoagulation 
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APPENDIX 1: Table of raw data of molecular weights for hydrolyzed chitin and 
corresponding hydrolysis conditions. 
 
[HCl] (Molar) TEMP (oC) T (min) MW (Dalton) 
















































































































































































































APPENDIX 2: Table of yields for hydrolyzed chitins with corresponding 
hydrolysis conditions.  
 



















































































40 20 68 
25 64  
 
 









APPENDIX 3: Table of molecular weights of C6-sulfated-chitins with 
corresponding hydrolysis conditions. 
 
[HCl] (Molar) TEMP (oC) T (min) MW (Dalton) 
15 192173 30 





 30 168513 
15 195805 30 
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APPENDIX 4: Table of degree of substitutions for C6-sulfated-chitins. 
 






















































































APPENDIX 5: Table of molecular weights of C3, 6-sulfated-chitins with 
corresponding hydrolysis conditions. 
 
[HCL] (Molar) TEMP (oC) T (min) MW (Dalton) 
6 30 30 112328 
7 40 30 156224 
30 15 55679 8 
 40 30 28026 




10 30 30 28406 
11 30 30 22479 
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APPENDIX 6: Table of in vitro blood test results for samples of 
C6-sulfated-chitins. 
 
Numbers represent the sample order. The hydrolysis conditions for the 
C6-sulfated-chitins are displayed in the following table. 
 
NUMBER PT APTT TT 
11.2 38.6 17.3 
11.3 38.3 17.5 
 
1 
11.0 38.8 17 
2 10.9 42.6 17.7 
11.1 40 17.8 
11.1 40.2 18.1 
 
3 
11.0 39.7 17.5 
11.4 40.8 17 4 
11.4 40.7 17 
11.4 40 16.7 
11.2 39.8 16.9 
 
5 
11.5 40.1 16.5 
11.1 39.6 16.9 
11.0 39.8 16.9 
 
6 
11.1 39.3 16.9 
11.4 40.3 16.1 
11.5 41.2 16.2 
 
7 
11.3 39.4 16 
11.3 38.6 17.1 
11.3 38.8 16.6 
 
8 
11.3 38.3 17.5 
11 37.7 16.8 
11 36.7 16.8 
 
9 
11.0 38.7 16.8 
11.1 41.4 17.2 
11.1 40.2 17.9 
 
10 
11 42.5 16.5 
11.2 41.2 17.7 
11.0 41.1 17.6 
 
11 
11.3 41.3 17.8 
11.2 41.3 17.3 
11.2 41.2 18 
 
12 
11.1 41.3 16.6 
11.2 40.1 17.3  
13 11.2 39.6 16.9 
 101 
11.2 40.5 17.6 
11.5 39 17.4 
11.6 39.2 17.6 
 
14 
11.3 38.8 17.2 
11.6  40.4 16.8 
11.5    40.3 16.7 
 
15 
11.6 40.5 16.9 
 
NUMBER  [HCl] (Molar) TEMP (oC) TIME (min) 
1 7 40 30 
2 6 30 30 
3 9 30 10 
4 8 30 15 
5 9 30 11 
6 10 30 30 
7 8 30 35 
8 9 30 25 
9 8 30 5 
10 8 40 30 
11 10 30 30 
12 11 40 15 
13 8 40 30 
14 11 30 30 
15 12 40 30 
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APPENDIX 7: Table of in vitro blood test results for C3, 6-sulfated-chitins. 
 
Numbers represent the sample test order. The hydrolysis conditions for the C3, 
6-sulfated-chitins are displayed in the following table. 
 
NUMBER PT APTT TT 
10.8 34.2 16.5 
10.8 34.7 16.2 
 
1 
10.8 33.6 16.8 
11.3 58.4 33.4 
11.3 59.7 32.3 
 
2 
11.3 57 34.5 
11.5 57.2 29.7 
11.4 58.8 30.2 
 
3 
11.5 55.5 29.1 
11.1 45.3 22.7 
11 46.5 22.4 
 
4 
11.1 44.1 23 
11.4 50.3 25.9 
11.3 51.6 25.6 
 
5 
11.4 49 26.1 
11.3 49.8 26.3 
11.4 51.2 26 
 
6 
11.1 48.3 26.5 
11.4 46.2 21.3 
11.5 47 19.7 
 
7 
11.2 45.4 22.9 
11.1 44.5 20 
11.1 45.5 19.8 
 
8 
11 43.4 21.1 
11.1 46 22.2 
11.1 47.1 21.8 
 
9 
11.1 44.9 22.6 
11 42.9 18.9 
11 42.9 18.9 
 
10 
11 42.8 18.9 
 
Note: Number 1 is the reference obtained by testing MiliQ Water. 
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NUMBER  [HCL] (Molar) TEMP (oC) TIME (min) 
2 7 40 30 
3 6 30 30 
4 9 30 10 
5 8 30 15 
6 9 30 11 
7 10 30 30 
8 11 40 15 
9 8 40 30 




APPENDIX 8: Table of elemental analysis results of C6 sulfated chitin. 
 
Numbers represent the test order, with hydrolysis conditions displayed in the 
following table. 
 
Number Carbon (%) Hydrogen (%) Nitrogen (%) Sulfur (%) 
1 28.07 5.32 4.32 9.48 
2 27.15 5.11 4.14 9.69 
3 29.21 5.37 4.30 9.16 
4 28.52 5.14 4.22 10.77 
5 27.83 4.84 4.15 9.39 
6 28.51 4.47 4.33 9.86 
7 29.32 4.51 4.56 9.84 
8 27.53 4.45 4.10 11.21 
9 30.77 5.07 4.60 9.17 
 
 
NUMBER  [HCL] (Molar) TEMP (oC) TIME (min) 
1 12 40 20 
2 8 30 35 
3 8 30 5 
4 9 30 11 
5 9 30 25 
6 12 40 30 
7 10 30 30 
8 12 40 30 
9 8 40 30 
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Appendix 9: C6-sulfated-chitin H-NMR spectra 
 







































































































































































































































































































































































Appendix 10: C3, 6-sulfated-chitin H-NMR spectra 
 
















































































































































































































*** Acquisition  Parameters ***
D[1] :      1.0000000 sec
D[33] :      0.0000000 sec
NS :             64
O2 :        1853.43 Hz
SFO1 :    300.1318534 MHz
SOLVENT : D2O
SW :        17.9519 ppm
SW_h :       5387.931 Hz
*** Processing Parameters ***
LB :           0.30 Hz
*** 1D NMR Plot Parameters ***
SR :         -20.30 Hz






































































































*** Acquisition  Parameters ***
D[1] :      1.0000000 sec
D[33] :      0.0000000 sec
NS :             64
O2 :        1853.43 Hz
SFO1 :    300.1318534 MHz
SOLVENT : D2O
SW :        17.9519 ppm
SW_h :       5387.931 Hz
*** Processing Parameters ***
LB :           0.30 Hz
*** 1D NMR Plot Parameters ***
SR :         -19.84 Hz
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Appendix 11: C13-NMR spectrum of sample C3, 6-sulfated-chitin with 
hydrolysis condition of 7M, 40oC, 30min.  
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